The small GTPase Rab4 is implicated in endocytosis in all cell types, but also plays a specific role in some regulated processes. To better understand the role of Rab4 in regulation of vesicular trafficking, we searched for an effector(s) that specifically recognizes its GTP-bound form. We cloned a ubiquitous 69-kDa protein, Rabip4, that behaves as a Rab4 effector in the yeast two-hybrid system and in the mammalian cell. Rabip4 contains two coiled-coil domains and a FYVE-finger domain. When expressed in CHO cells, Rabip4 is present in early endosomes, because it is colocated with endogenous Early Endosome Antigen 1, although it is absent from Rab11-positive recycling endosomes and Rab-7 positive late endosomes. The coexpression of Rabip4 with active Rab4, but not with inactive Rab4, leads to an enlargement of early endosomes. It strongly increases the degree of colocalization of markers of sorting (Rab5) and recycling (Rab11) endosomes with Rab4. Furthermore, the expression of Rabip4 leads to the intracellular retention of a recycling molecule, the glucose transporter Glut 1. We propose that Rabip4, an effector of Rab4, controls early endosomal traffic possibly by activating a backward transport step from recycling to sorting endosomes.
R
ab proteins regulate discrete transport steps along the biosynthetic͞secretory pathway, as well as the endocytic pathways (1, 2) . The small GTPase Rab4 is associated with early endosomes (3) and recycling endosomes (4) . It has been implicated in the regulation of the recycling of internalized receptors back to the plasma membranes (3, 5) . Furthermore, Rab4 seems to have a more specialized role in receptor-mediated antigen processing in B lymphocytes (6) , in calcium-induced ␣-granule secretion in platelets (7) , and in ␣-amylase exocytosis in exocrine pancreatic cells (8) . Rab4 appears also to control the subcellular distribution of the glucose transporter isoform Glut 4, specifically expressed in the insulin-sensitive adipose and muscle tissues (9) (10) (11) .
However, the molecular mechanisms underlying the function of Rab4 are not fully understood. Rab proteins interact with a downstream effector(s) that specifically recognizes their GTPbound conformation. The identification of such an effector(s) could help to better illustrate the role of Rab4 in regulation of vesicular trafficking. Thus, we searched for Rab4 effectors by screening a cDNA library in the yeast two-hybrid system by using a GTP-bound form of Rab4 (Rab4 Q67L) as bait. This screening led to the identification of Rabip4, an endosomal FYVE-fingercontaining protein that, when overexpressed in CHO cells, leads to modifications of the endosomal compartment morphology and increases the intracellular amount of the ubiquitous glucose transporters, Glut 1, which recycle through the endocytic pathway. Rabip4 strongly increases the degree of colocalization of markers of sorting and recycling endosomes with active Rab4. We propose that Rabip4 controls early endosomal traffic possibly by activating a backward transport step from recycling to sorting endosomes.
Materials and Methods
Antibodies. Monoclonal antibodies (mAb) against the myc epitope (9E10) and against EEA1 were from Santa Cruz Biotechnology and Transduction Laboratories (Lexington, KY), respectively. Rabbit polyclonal anti-Rab4 has been described (9) . Polyclonal anti-Rabip4 was obtained by immunizing a rabbit with the fusion protein glutathione-S-transferase-Rabip4 (401-600). Rabbit anti-mouse Ig was from Dako. Texas red-coupled anti-mouse Ig and Cy5-coupled anti-rabbit Ig were from Amersham Pharmacia and Jackson ImmunoResearch, respectively.
cDNA Constructs. pLexA-Rab4 wild-type (WT) or mutated forms were obtained by subcloning Rab4 cDNAs from the pCis2-constructs (9) . Mutations were generated by site-directed mutagenesis of double-stranded DNA into pCis2 plasmid (Transformer kit, CLONTECH) (9) . The Rabip4 cDNA sequences were subcloned into the pACT2 vector (CLONTECH). Rabip4 was subcloned into pcDNA3.1 (Invitrogen). pEGFP-C1-Rabip4 (CLONTECH) was used for expression of Rabip4 as a Cterminal fusion with the green fluorescent protein (GFP). Deletion of the 11 amino acids (507-517) of Rabip4 was obtained by site-directed mutagenesis (QuickChange, Stratagene).
A pcDNA3-myc vector was obtained by inserting the DNA sequence of the myc epitope (AEEQKLISEEDLLK) after an initiation codon into the EcoRV site of pcDNA3.1. The cDNA for Rab4 WT, Q67L, N121I, and Rab11b was subcloned in this vector, which allows for the expression of myc-tagged proteins at their N terminus. The pCis2 Glut 1-myc was obtained as described previously for Glut 4 (9), with the myc epitope inserted between amino acids 69-70 of Glut 1. Rab11b was amplified by using a Marathon-Ready rat adipocyte cDNA library (CLON-TECH) as a template. The amino acid sequence of rat Rab11b was 99% identical to that of mouse Rab11b. Two-Hybrid Screening and Interaction Measurement. The yeast reporter strain L40 was transformed with pLexA-Rab4 Q67L using a lithium acetate-base method and grown in synthetic medium lacking tryptophan (12) . It was transformed with a T3 adipocyte library made in pVP16 plasmid. Cells were plated on synthetic medium lacking leucine, tryptophan, and histidine. Growing colonies were tested for ␤-galactosidase activity. Library plasmids from positive clones were rescued into Escherichia coli HB101 cells plated on leucine-free medium and analyzed by transformation tests and DNA sequencing. For interaction mea-surement, cotransformed L40 yeasts were selected on medium lacking leucine and tryptophan and induction of the reporter gene LacZ was quantified.
Cloning of the Full-Length Rabip4 cDNA. The full-length cDNA was obtained by 5Ј and 3Ј rapid amplifications of cDNA ends (RACE) using premade mouse Skeletal Muscle MarathonReady cDNA (CLONTECH), according to the manufacturer protocols. To amplify the complete coding sequence of Rabip4, oligonucleotides corresponding to the sequences before the ATG initiation codon and after the 3Ј stop codon were selected. The cDNA coding for Rabip4 was sequenced on the two strands by Eurogentec service.
Tissue Distribution of Rabip4. The multiple Northern blot containing poly(A) mRNA from mouse tissues was obtained from CLONTECH. An [␣-32 P]dCTP-labeled fragment corresponding to the coding sequence of Rabip4 was hybridized to the membrane for 2 h at 65°C in ExpressHyb Solution (CLONTECH), washed, and autoradiographed.
Cells and Transfections. CHO cells were grown in Ham's F-12 medium with 10% FCS and transiently transfected by electroporation. Cells (1-2 ϫ 10 6 ͞400 l of Ham's F-12) were placed in a 0.4-cm gap cuvette along with 10-50 g of plasmids and electroporated (260 V and 1,050 F) with an Easyject electroporator system (Equibio, Ashford, U.K.). A CHO cell line stably expressing GFP-Rabip4 was obtained by selection with G418 (500 g͞ml) and limit dilution of cells transfected with pEGFPRabip4.
Electron Microscopy. Control cells or GFP-Rabip4-overexpressing cells were fixed in 2.5% glutaraldehyde (1 h at 4°C) and postfixed in 1% osmium tetroxide. Cells were then embedded in Epon. For immunoelectron microscopy, cells were fixed in 3.7% paraformaldehyde and embedded at low temperature into LR White resin (Hard LR White, London). Ultrathin sections were incubated with or without anti-Rabip4 antibodies and then with 10 nm colloidal gold-conjugated anti-rabbit Ig (BB International, Cardiff, U.K.). The sections were examined by using a JEOL 1200 EXII electron microscope.
Confocal Immunofluorescence Microscopy. Cells grown on glass coverslips were washed and fixed in 4% paraformaldehyde. Cells expressing GFP-fusion proteins were directly mounted in Mowiol (Hoechst Pharmaceuticals) and examined in scanning confocal fluorescence microscopy (TCS SP, Leica, Deerfield, IL). To detect non-GFP-fusion proteins, cells were permeabilized in PBS, 0.1% Triton X-100, and 1% FBS, incubated with the appropriate primary antibodies, washed, and incubated with secondary antibodies coupled with Texas Red or Cy5 fluorochromes. The cells were examined by sequential excitation at 488 nm (GFP), 568 nm (Texas Red), and 647 nm (Cy5). The images were then combined and merged by using PHOTOSHOP (Adobe Systems, Mountain View, CA).
Quantification of Glut 1 in Plasma and Total Membranes. Cells (stably overexpressing Rabip4 or not) were transiently transfected with 20 g pCis2 Glut 1-myc. Two days later, cells were fixed in duplicate with 4% paraformaldehyde. In one well, cells were permeabilized to determine the total amount of Glut 1-myc, whereas the other untreated well was used to quantify the plasma membrane Glut 1-myc (9) . Cells were incubated for 1 h at room temperature with anti-myc mAb (4 g͞ml), washed, incubated with rabbit anti-mouse Ig, and then with [ 125 I]protein A. Cells were scraped for radioactivity and protein determinations. The levels of Glut 1-myc overexpression were identical in both cell lines.
Results and Discussion
Identification of a Rab4-Interacting Protein. L40 yeasts were transformed with a plasmid encoding a fusion protein between Rab4 Q67L, a GTPase-deficient mutant (9) , and the DNA binding domain of LexA, which recognizes specific DNA sequences upstream of the two reporter genes HIS3 and LacZ. The established strain was transformed with a yeast two-hybrid mouse T3 adipocyte cDNA library fused to the VP16 transcriptional activation domain. Screening of 10 6 transformants yielded three clones that strongly interacted with Rab4 Q67L but not with lamin. One of these clones, named I1, was further characterized in the yeast system (Table 1 Left) . It induced ␤-galactosidase activity only when coexpressed with LexA-Rab4 Q67L, but not with active forms of Ras, Rab5, and Rab6. We did not detect any interaction between VP16-I1 and LexA-Rab4 WT, or N121I or S22N, two mutated Rab4 proteins that do not bind GTP (9) . Furthermore, two mutations in the effector domain (T40A or G42D) totally abolished the interaction with I1. Thus, the sequence encoded by the I1 clone preferentially recognizes the GTP-bound Rab4, leading us to clone the full-length cDNA.
An additional 0.7-kb fragment, which contained an in-frame stop codon and the poly(A) tail, was produced by 3Ј-RACE. The upstream 5Ј end was obtained by 5Ј-RACE that gave an additional 1.2-kb sequence, with two ATG in frame with the amino acid sequence of the I1 clone. The second ATG was in a consensus Kozak sequence (13) . Analysis of the total cDNA revealed an ORF that encoded for a 600-aa protein ( Fig. 1A ; named Rabip4 for Rab4 interacting protein) in which the original I1 clone corresponded to amino acids 401-517. The expression of the cDNA, both in the reticulocyte lysate system and after transient transfection into CHO cells, led to the appearance of a 69-kDa protein, in accordance with the predicted molecular weight (data not shown). Similar to the I1 clone, Rabip4 specifically interacted with active Rab4 in the yeast two-hybrid system (Table 1 Right). The C-terminal Cys-Gly-Cys motif required for Rab4 geranylgeranylation was not required for the interaction. Furthermore, there was no interaction with active Rap2 despite the 30% homology of the N terminus of Rabip4 (amino acids 1-140) with the Rap2 interacting protein 8, an effector of the small GTPase Rap2 (14) . Rabip4 thus behaves as a Rab4 effector in the yeast system. L40 yeasts were cotransformed with the pLex constructs encoding for LexA-fusion proteins, and the rescued VP16-I1 or pACT2-Rabip4. ␤-galactosidase activities are presented as means Ϯ SEM obtained with 3-6 independent transformants. The expression of the LexA-Rab4 fusion proteins, checked by immunodetection, was similar in all conditions. ND, not determined.
Characteristics of Rabip4. The protein sequence of Rabip4 is hydrophilic with no potential signal sequence or membrane spanning domain. Its putative structural characteristics, schematized in Fig. 1B first reveal two regions predicted to be mainly ␣-helical with heptad repeats characteristic of coiled-coil domains (15), domains characterized as protein-protein interaction determinants, named CC1 (212-271) and CC2 (297-507). Thus, Rabip4, through its coiled-coil domains, might interact with itself and͞or with other proteins to form a large complex as described for other Rab. For example, the Rabaptin5-Rabex complex and EEA1, two Rab5 effectors, are found together in an oligomeric complex also containing the N-ethylmaleimide sensitive factor and Syntaxin 13 (16, 17) . Second, Rabip4 contains in its C terminus (amino acids 540-587) one consensus sequence for a FYVE-finger, a cysteine-rich zinc-finger-like motif that coordinates two zinc atoms and has conserved basic amino acids surrounding the third cysteine. This motif was recently identified as a phosphatidylinositol 3-phosphate binding motif (18) (19) (20) and is found in a number of proteins playing a role in membrane traffic, such as the mammalian proteins Hrs (21), EEA1 (22) , and PIKfyve (23), which are associated with endosomes. This endosomal localization is certainly determined by the enrichment of phosphatidylinositol 3-phosphate in endosomes (24) . The highest homology (56%) was found between the FYVE fingers of Rabip4 and EEA1 (20, 25, 26) . The homology between the two proteins is not restricted to the FYVE finger, but extends over the two-thirds of Rabip4 (amino acids 190-600), which are 40% identical to EEA1.
The tissue distribution of Rabip4 mRNA was determined by using a mouse multiple-tissue Northern blot hybridized with a radiolabeled probe containing the 1.8-kb coding sequence of Rabip4. A 2.5-kb transcript was found expressed in all tested tissues, with the lowest levels of expression in testis and spleen (Fig. 1B) .
To determine which domain(s) is involved in the interaction between Rabip4 and Rab4 Q67L, we transformed yeast with pLexRab4Q67L and different constructs of Rabip4 fused with the transcriptional activation domain of Gal4 cloned in the pACT2 vector (Table 2 ). Rabip4 (401-600), which contains the I1 sequence (401-517), interacted with Rab4 Q67L, whereas the C-terminal end, Rabip4 (517-600), which includes the FYVE domain, did not. Neither the Rabip4 N-terminal sequence (1-212), nor the coiled-coil domains, CC1 and͞or CC2, interacted with Rab4 Q67L. This series of observations indicated that the ten amino acids following the end of the CC2 are crucial for this interaction. Accordingly, the deletion of amino acids 507-517 (Rabip4 ⌬507-517) led to the disruption of the interaction between Rabip4 and Rab4 Q67L. This sequence (LHLSQSKLKME), which appeared to be required for Rab4 binding, was not found in any other proteins, including Rabaptin-5 and Rabaptin4, known to interact with Rab4 (27, 28) . Cellular Localization of Rabip4. To characterize the subcellular localization of Rabip4, CHO cells overexpressing GFP-Rabip4 were analyzed by confocal and electron microscopy. GFPRabip4-labeled punctated structures, scattered throughout the cytoplasm (Fig. 2a) with no cytosolic diffuse labeling, in accordance with the lack of Rabip4 in a cytosolic fraction analyzed by immunodetection (data not shown). It should be noted that the GFP addition did not modify the behavior of Rabip4, because identical images were obtained when WT Rabip4 was expressed (see Fig. 3 ). GFP-Rabip4 ⌬507-517, which does not interact with Rab4 in the yeast two-hybrid system, stained punctated structures of smaller size (Fig. 2b) . This observation suggests that overexpressed Rabip4, probably by interacting with endogenous Rab4, leads to the formation of enlarged vesicles, because the protein that does not interact with Rab4 labels smaller structures than does the WT Rabip4. It should be observed that the interaction of Rabip4 and Rab4 is not required for membrane association, because the GFP-Rabip4 ⌬507-517 remains associated to vesicular structures. In these aspects, Rabip4 and EEA1 behave differently because overexpressed Rabip4 is nearly totally membrane-associated, whereas EEA1 partitionates between membrane and cytosol and is further recruited to early endosomes by overexpression of active Rab5 (26) . Further studies will be needed to determine the domains involved in this membrane association. At the electron microscopic level, numerous 150-200 nm wide vesicles were visible, dispersed in the cytoplasm of CHO cells overexpressing GFP-Rabip4 (Fig. 2c) , but not in control cells (data not shown). They were delimited by a membrane and contained a homogenous light-gray material. GFP-Rabip4 was found at the level of these vesicles by immunoelectron microscopy analysis (Fig. 2c Inset) . L40 reporter yeast cells were cotransformed with pLex-Rab4 Q67L and the indicated pACT2-Rabip4 domain constructs. A deletion of the cDNA sequence coding for amino acids 507-517 of Rabip4 was performed in Rabip4 ⌬507-517. Yeast cells were grown in the absence of leucine and tryptophan and ␤-galactosidase activity was determined on replicate filters using X-gal as a substrate. ϩϩϩϩ, blue coloration appeared within half an hour; ϩϩϩ, a coloration appearing after 1 h; and Ϫ, no coloration was obtained after 24 h. The expression of all constructs was checked by immunodetection.
To determine more precisely the cellular distribution of Rabip4, we studied its localization along the endocytic pathway, in comparison with various Rab proteins (Fig. 3) . We compared the distribution of overexpressed Rabip4 and GFP-Rab4 WT, because antibodies able to recognize endogenous Rab4 in immunofluorescence studies are not available. Rabip4 nearly totally colocalized with GFP-Rab4 WT in large vesicle structures (Fig. 3a) . Rabip4 was also colocated with most of EEA1 (a marker of sorting endosomes) (Fig. 3b) , but did not colocalize with Rab11 (a marker of recycling endosomes) present in a pericentriolar region at the top of CHO cells (Fig. 3c) . It should be noted that Rabip4 expression led to an increase in the size of the EEA1-positive endosomes, compared with control cells (data not shown and ref. 29) , as a likely consequence of interaction of Rabip4 with endogenous Rab4. The coexpression of Rabip4 with active Rab4 led to even more enlarged vesicles (Fig. 3d) , whereas the coexpression of Rabip4 ⌬507-517 with active Rab4 gave no enlargement of endosomes, despite the colocalization of both proteins (Fig. 3e) . Although we were unable to evidence a coimmunoprecipitation of Rab4 and Rabip4 in cell lysates, our observations indicate that the two proteins cooperate in the cell to produce enlarged endosomes. Furthermore, the enlargement of the structures did not occur when the inactive Rab4 N121I (Fig. 5d) or a cytosolic Rab4 deleted of the Cys-Gly-Cys C-terminal motif (data not shown) was used. Because Rabip4 was also absent from the Rab7-positive, late endosomes (see Fig. 4 ), Rabip4 appears as a protein of sorting endosomes that, when overexpressed, leads to an expansion of this compartment that depends on the presence of active Rab4 and on its ability to interact with it.
Rabip4 Expression Results in the Overlap of Sorting and Recycling
Endosomes. We next wanted to determine the identity of the compartments that gave rise to enlarged structures in the presence of Rabip4 and active Rab4. Recent studies indicate that Rab4 is present on both Rab5-positive sorting endosomes and Rab11-positive recycling endosomes (4, 30, 31) . We thus compared the localization of active Rab4 (Rab4 Q67L) with Rab5 or Rab11 in the absence (Fig. 4 Left) or presence of Rabip4 (Fig.  4 Right). GFP-fluorescent Rab proteins (green) and myc-tagged proteins (red) were expressed. As expected, GFP-Rab5 and myc-Rab4 Q67L (Fig. 4a) were partly colocated, similar to GFP-Rab4 Q67L and myc-Rab11b (Fig. 4c) , as indicated by the presence of yellow in the merged images. By contrast, no colocalization was observed between active Rab4 and GFPRab7 (Fig. 4e) . Rabip4 not only induced an enlargement of the structures labeled with active Rab4 (Fig. 4 b, d, and f ) , but also increased the overlap of Rab5 and Rab4 Q67L (Fig. 4b) and of Rab4 and Rab11b (Fig. 4d) in the enlarged vesicles. Expression of Rabip4 and Rab4 did not alter the Rab7-positive, late endosomes (Fig. 4f ) . Thus, the results indicate that Rabip4 and Rab4 cooperate, leading to the fusion of sorting and recycling endosomes and the appearance of enlarged early endosomal structures.
Effect of Rabip4 Expression on the Localization of Glucose Transporters Glut 1. We then wanted to examine the functional consequence of Rabip4 expression on the fate of the ubiquitous glucose transporter Glut 1, taken as a model of recycling molecules (32) . In CHO cells, Glut 1-myc is present intracellularly into punctate structures and at the margins of the cell that correspond to the plasma membranes (Fig. 5a) . Quantification of the Glut 1-myc molecules, performed as described in Materials and Methods, indicated that 51 Ϯ 4% of the transporters were present at the cell surface in control cells. By contrast, in CHO͞GFP-Rabip4 cells, stably expressing GFP-Rabip4, Glut 1-myc was essentially intracellular with few labeling at the plasma membrane (Fig. 5b) . Indeed, only 23 Ϯ 5% (Ϯ SEM of four experiments) of the Glut 1-myc molecules were present at the cell surface. This effect of Rabip4 certainly required endogenous Rab4 to be under its active form. Indeed, when the inactive Rab4 N121I, which could act as a dominant negative molecule, was expressed with Rabip4, Glut 1-myc was present at the margins of the cells (Fig. 5d ). This suggests that Rab4 N121I blocked the redistribution of Glut 1-myc induced by GFP-Rabip4. Furthermore, in CHO͞GFP-Rabip4 cells expressing Rab4 Q67L, Glut 1-myc was found nearly totally together with GFP-Rabip4 in the enlarged endosomes (Fig. 5c ), which were also positive for Rab4 Q67L (data not shown).
Our results indicate that expression of Rabip4 could modify the kinetic parameters of Glut 1 recycling. Although more precise kinetic information would be required, we could propose that Rabip4͞Rab4 is of use to an inhibitory function in endocytosis, as already described for Rab15 (33, 34) , a neuronal Rab protein (35) . This inhibitory effect could result from a negative regulation of one step of recycling or from the stimulation of a pathway operating in the opposite direction (i.e., a ''backward'' transport between recycling and sorting endosomes). These transports would be necessary to ensure organelle homeostasis by sorting resident molecules of a donor compartment back to their initial locations. Such a backward traffic between Golgi and endoplasmic reticulum is controlled by Rab6 (36, 37) . Furthermore, transferrin present in recycling endosomes can return to sorting endosomes suggesting that a backward transport step of the transferrin receptors occurs (38) . According to the model of Bourne (39) , effectors of a Rab protein involved in a traffic step are present on the surface of the acceptor compartment, whereas the Rab protein can be found on both donor and acceptor membranes. Several recent observations substantiate this model. Members of the exocyst complex, effector of Sec4 (proteins that control a late step of exocytosis in yeast), are present at the plasma membrane (40) . EEA1, a Rab5 effector, is recruited selectively onto the acceptor early endosomes, whereas Rab5 is symmetrically distributed between the clathrin-coated vesicles and early endosomes (41) . Along the same line, we would like to propose that Rabip4, which is mostly present in the sorting endosomes while Rab4 is present both on sorting and recycling endosomes, would provide directionality to a backward traffic from the recycling endosomes to the sorting endosomes. It is also possible that Rabip4 could participate in specific processes in cells in which intracellular traffic appears more specialized and where Rab4 has a specific function, such as in B lymphocytes (6) , adipocytes (9, 11), or pancreatic acini (8) .
